Abstract-Cognitive satellite terrestrial networks have received considerable attention as a promising candidate to address the spectrum scarcity problem in future wireless communications. When satellite networks act as cognitive users in the networks, power control is a significant research challenge in the uplink case, especially for real-time applications. We propose two optimal power control schemes for maximizing the delaylimited capacity and outage capacity, respectively, which are useful performance indicators for real-time applications. From the long-term and short-term aspects, average and peak power constraints are adopted, respectively, at the satellite user to limit the harmful interference caused to the terrestrial base station. Extensive numerical results demonstrate the impact of interference constraints and channel condition parameters on the performance limits of satellite users.
I. INTRODUCTION
S ATELLITE networks play a significant role in future wireless communications due to their unique ability to provide seamless connectivity and high data rate. Compared with terrestrial cellular networks, satellite systems exhibit a prominent superiority for the inherent wide coverage and high reliability, especially in rural and sparely populated areas [1] , [2] . However, the continuous growth of broadband applications and multimedia services have resulted in an increasing demand for the spectrum in satellite communications. To address the spectrum scarcity, cognitive radio (CR) has recently received considerable attention in satellite communications, where two satellite networks or satellite terrestrial networks coexist within the same spectrum [3] .
Among the existing applications of cognitive satellite systems, the case where the terrestrial system operates as primary network and the satellite system serves as secondary network has been proposed as a promising scenario from both academic and industry research [4] . In this regard, effective power control is a key enabling technique to alleviate the mutual interference and ensure the coexistence of two networks. Particularly, the authors of [5] schemes in downlink cognitive satellite terrestrial network, where the quality of service (QoS) provision of the terrestrial network is employed. Considering the uplink case, novel resource allocation schemes are proposed in [6] , [7] , where the terrestrial cellular system and fixed-service terrestrial microwave system serve as the primary networks, respectively. Nevertheless, these existing methods do not consider the realtime applications over practical propagation channels, which may require a constant rate transmission over all the fading blocks. Furthermore, the delay-sensitive service such as video transmission inducts an emerging demand for future broadband Internet access. Therefore, it is an urgent research challenge to investigate the appropriate power control schemes for realtime applications in cognitive satellite terrestrial networks. This letter presents two optimal power control schemes for the uplink cognitive satellite terrestrial networks. Since delaylimited capacity and outage capacity are key performance indicators for real-time applications [8] , the proposed schemes aim to maximize the delay-limited capacity and outage capacity with different constraints while guaranteeing the communication quality of the primary terrestrial user. In addition, we provide closed-form solutions for the delay-limited capacity and the outage probability of the satellite user. Extensive numerical results evaluate the performance of the proposed schemes.
II. SYSTEM MODEL The architecture of uplink cognitive satellite terrestrial network adopted in this letter is illustrated as shown in Fig. 1 . In this network, the terrestrial cellular network acts as the primary system and shares the spectrum resource with the satellite network, which acts as the secondary system [6] . To improve the spectrum efficiency, we assume that the underlay technique is employed as the spectrum sharing approach, where the satellite user can share the same spectrum with the terrestrial user simultaneously without deteriorating its communication quality. Specifically, we assume that the terrestrial network is a Long-Term Evolution (LTE) system and the satellite network provides Digital Video BroadcastingSatellite services to Handhelds (DVB-SH) system [5] , [6] .
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interference link, respectively. Moreover, it is assumed that the interference from terrestrial terminal to the satellite can be considered to be negligible due to large distance [9] . For the secondary link, we employ the widely-adopted ShadowedRician fading model with closed formula, which can be used for mobile/fixed terminals operating in various propagation environment [5] . According to [10] , the probability density function (PDF) of channel power gain h S L is shown as
where 1 F 1 (·, ·, ·) denotes the confluent hypergeometric function [11] and 
As to the terrestrial interference link, Nakagami fading distribution is considered, which covers a wide range of fading scenarios for different values of the fading parameter. From [5] , the channel power gain of h I L follow the PDF given by
where (·) is the Gamma function [11] , m I L is the Nakagami fading parameter, I L is the average power and ε=m I L / I L . Furthermore, it is assumed that the perfect channel state information (CSI) about h S L and h I L is available for the satellite user. This can be accomplished by using training symbols for satellite link, and existing feedback link or spectrum manager (acts as a referee between the two systems) for terrestrial interference link 1 [6] .
III. OPTIMAL POWER CONTROL SCHEMES In this section, we propose two optimal power control schemes from the long-term and short-term perspectives, respectively. The long-term optimization aims to maximize the delay-limited capacity with average interference power constraints, while the short-term optimization maximizes the outage capacity with peak interference power constraints. In long-term power control scheme, the fading state is varying, whereas it is fixed in the short-term case.
A. Long-Term Optimal Power Control Scheme
For block fading channels, delay-limited capacity is defined as the maximum constant transmission rate over each of the fading blocks, which is a key performance metric for realtime applications [8] . To regulate the transmit power P T of the satellite user in the long-term duration, average power constraints are commonly employed. Therefore, the long-term optimal power control scheme can be formulated as [8] max
where γ s is the received signal-to-noise ratio (SNR) at the satellite, B and N S L are the bandwidth and noise power, and E (·) denotes the statistical expectation. (d2) is the average interference power constraint adopted to guarantee a long-term QoS of primary user and (d3) is the average transmit power constraint. P av and I av denote the average transmit power limit and the average interference power limit, respectively. L s and L p are the free space loss of the secondary link and interference link. G t (α) in (d1) corresponds to the transmit antenna gain at the satellite user for secondary link, which can be obtained as [7] 
where α is the elevation angle. G t (α ) in (d2) denotes the equivalent transmit antenna gain for terrestrial interference link with off-axis angle α = arccos (cos (α) cos (β)) and β denotes the angle between the over horizon projected main lobe of the satellite user and the BS. Besides, G B S is the receive antenna gain at the BS, and G r (ϕ) denotes the receive antenna gain at the satellite, which can be calculate as
with J (·) being the Bessel function and u = 2.07123 sin ϕ sin ϕ 3dB . G r,max represents the maximum gain at the onboard antenna boresight, ϕ is the angle between the satellite user and the antenna boresight, and ϕ 3dB is the 3-dB angle [1] [12] . For simplicity, we denote
. According to the Jensen's inequality, it can be directly concluded that
. The delay-limited capacity C dl can thus be calculated approximately as below
where by applying [11, eq.(3. 
351.3)] and (3), E (h S L ) and E (h I L ) can be respectively obtained as
E (h S L ) = α m S L −1 k=0 (−1) k (1 − m S L ) k δ k (k + 1)! (k!) 2 (β − δ) k+2 , (8a) E (h I L ) = m I L ε = I L . (8b)
B. Short-Term Optimal Power Control Scheme
Outage capacity is defined as the maximum rate that can be maintained over the fading blocks with a given outage probability [8] . That is to say, the minimum outage probability is closely related to the capacity. From a mathematical viewpoint, calculating outage capacity is equivalent to minimize the outage probability for a given outage capacity R th . To manage P T at each fading state, peak power constraints are more suitable in the short-term duration. Thus, the problem of shortterm power control can be formulated as
where Pr {·} denotes the probability. (t1) and (t2) are peak interference power constraint and peak transmit power constraint, respectively. P max and I max are the corresponding peak transmit power limit and peak interference power limit. By solving (9), we can get the optimal transmit power as (10) .
Substituting (10) into (9), we can further obtain the outage probability as (11), where by using [11, eq.(3.351.1)], I 1 can be first expressed as
where γ (·, ·) is lower incomplete Gamma function [11] . Then, by substituting (12) into (11) 
where (·, ·) is upper incomplete Gamma function [11] .
IV. NUMERICAL RESULTS To evaluate the performance of the proposed schemes, numerical results are presented in this section. In the simulations, we consider B = 10MHz, α=10°, β= 50°, G r,max = 52.1dB, G t,max = 42.1dB, G B S = 0dB, satellite link distance d s = 36000Km, interference link distance d p = 10Km, noise temperature T = 300K and R th = 35Mbps are assumed unless otherwise stated [1] , [7] . Besides, three shadowing scenarios of the satellite link are considered, namely, Infrequent Light Shadowing (ILS), Frequent Heavy Shadowing (FHS) and Average Shadowing (AS). The typical values of satellite channel parameters can be obtained from Table III of [10] . It is notable that m I L and m S L take integer values when calculating the outage probability. Fig. 2 shows the delay-limited capacity of the satellite user versus I av for different P av constraints, where the average shadowing is considered for the satellite link and the terrestrial channel parameters are m I L = 3 and I L = 1.5. It can be seen that the delay-limited capacity increases with I av . However, the delay-limited capacity will get saturated when I av is large enough. This is because the satellite user would transmit with its maximum available power P av in this case. Therefore, the saturated value of the delay-limited capacity significantly increases with P av . Fig. 3 depicts the delay-limited capacity of the satellite user versus I av for different shadowing scenarios of the satellite link. The results indicate that the delay-limited capacity
A. Delay-Limited Capacity
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(10) would increase when the satellite link experiences the weaker shadowing conditions. In addition, given the specific satellite link condition, the delay-limited capacity decreases with the increasing of I L . This is due to the fact that the interference link channel becomes stronger with I L increasing. That is to say, under the same I av , the satellite user can transmit less power with the increase of I L .
B. Outage Capacity
The outage probability of satellite user versus I max for different P max constraints is illustrated in Fig. 4 . From this figure, we can see that the outage probability decreases with the increasing of I max and becomes saturated once I max is large enough. Moreover, the saturated value of outage probability decreases when P max increases. These conclusions are consistent with the findings in Fig. 2 . Fig. 5 shows the outage probability of satellite user versus I max for different shadowing scenarios with P max = 20dBm. Similarly, the outage probability decreases when the satellite link channel condition improves. Since larger values of m I L correspond to less severe fading conditions of the interference link, the outage probability decreases with the increase of m I L for the same satellite link condition. However, the saturated values are identical due to the same peak power limit P max . V. CONCLUSIONS In this letter, we propose two optimal power control schemes for real-time applications in cognitive satellite terrestrial networks, which aim at maximizing the delay-limited capacity and outage capacity without degrading the communication quality of the primary terrestrial user. Average power and peak power constraints are employed from long-term and shortterm perspectives, respectively. The impact of transmit power limits, interference power constraints, satellite link shadowing conditions and terrestrial interference link fading severity on the performance limits of the satellite user are demonstrated by extensive numerical simulations. In future works, we will investigate the impact of propagation delay on the performance of cognitive satellite terrestrial networks.
